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Abstract

We describean efficient andscalableparallelI/O strategy for writing out gigabytesof data
generatedhourly in theoceanmodelsimulationsonmassively paralleldistributed-memoryarchi-
tectures.Working with ModularOceanModel, usingnetCDFfile system,andimplementedon
Cray T3E, the strategy speedsup I/O by a factor of 50 in the sequentialcase. In parallelcase,
on32processorsup to 512processors,our implementationwritesout mostmodeldynamicfields
of 969MB to a singlenetCDFfile in 65 seconds,independentof thenumberof processors.The
remap-and-writeparallelstrategy resolvesthememorylimitation problemandrequiresminimal
collectiveI/O capabilityof thefile system.Severalcritical optimizationsonmemorymanagement
andfile accessarecarriedout, ensuringscalabilityandspeedingup numericalsimulationdueto
theimprovedmemoryorganizations.

1 Introduction

Modelingoceancirculationandits influenceon theglobalclimateis a grandchallengein computa-
tional science.Theoceanflow dynamicsandphysicalprocessesinvolve a broadrangeof spatialand
temporalscales,requiringdecade-longintegrationsat fine resolutions.Recentadvancesin numeri-
cal oceanmodeling[1, 2, 3, 4, 6, 7, 8] hasgreatly increasedour understandingof theseprocesses.
State-of-artmassively parallelsupercomputersprovide gigabytesof memoryandteraflopcomputa-
tionsnecessaryto runthesesimulations.

Therearea numberof critical issuesregardingoceanmodelsimulationson distributed-memory
parallelcomputers,suchasefficiency in the usageof cache-basedprocessors,load balancedueto
irregularlandcontoursandbottomtopography, scalabilityof thebasicnumericalalgorithms.

In this paper, we focuson anothercritical issue,thedataI/O in theoceanmodeling.During the
simulations,gigabytesof dataaregeneratedhourly, includingsnapshotsof the 2D and3D velocity
fieldsandtracers.EffectiveandefficientI/O strategy andimplementationsto handlethislargeamount
of I/O in MPPenvironmentthereforebecomecritical for theproductionsimulations.
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Figure1: Data layout of the oceanmodelon 4 processorsindicatedby 0, 1, 2, 3. Computations
are carriedout in the latitude-slabdecomposition,wherelatitude slabsare split amongtotal P=4
processors.Note that a latitudeslabcontainswordswhich arenot contiguousin outputfile space.
The horizontalslabdecompositionon � designatedprocessorsareusedfor parallel I/O, from this
decompositionentirefields on eachprocessorarewritten out in oneshot to a contiguousblock in
file space.The number � is flexible: � could be anywherebetween1 andthe numberof vertical
layersNz, dependingon memoryandI/O channelconsiderations.Typically � is muchsmallerthan�

(althoughin this Figurewe assume
��� � �
	

for simplicity).

Theoceanmodelwe studyin this reportis theModularOceanModel version3 (MOM3) [4, 5]
developedat GeophysicalFluid DynamicsLaboratory(GFDL) which is a three-dimensionalgeneral
oceancirculationmodel,widely usedin theoceanographiccommunityto simulateoceanandocean-
relatedevents.

2 Model Description

Theoceanmodelsolvestheprimitiveequationsgoverninglargescaleoceancirculationwith Boussi-
nesqandhydrostaticapproximations[1, 2, 3]. It usesfinite differenceschemeon thediscreteddo-
mains.Thedynamicssplit into a barotropicmode,involving depth-averagedcolumnvelocities(2D
variables),andabaroclinicmode,includingdeviationsfrom barotropicmodeandother3D tracers.It
usesa freesurfaceformulationwith anexplicit finite differencemethod.

Thecodesarewritten in Fortran,with about80,000lines in 350subroutines.Therearea large
numberof physicalparameterizationoptions.Currentlyit usesa 1-dimensional(latitudedimension,
seeFigure1) decompositionfor both vectorizationon vectorarchitectureandparallelismon MPP
with messagepassing.
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3 Memory Organization and Data I/O

A numberof codesfeaturesmakethedataI/O in theoceanmodelcomplex. Thecodesuseamemory
window schemeto slicethroughthecompletedatasetstoredin diskfiles. Thisout-of-corecomputing
modesavesmemoryandallows codesrunningin memory-limitedplatforms,suchasCrayT90 and
workstations.OntraditionalCrayvectorsupercomputers,thefilesarestoredonsolidstatediskwhich
is fast,theout-of-coremodeworkswell. Ondistributed-memorycomputerswhereresidencememory
is plentyandcanholdtheentiredataset,thememorywindow schemeis still keptanddataarecopied
backandforth betweenthesmallmemorywindow andthediskfile whichnow sitsin memory(called
ramdiskfor this reason).This extensive memorycopyingposesa problemfor writing 3D fieldsout
efficiently andslowsdown thecomputationsignificantly.

Figure1 shows thedatalayoutfor theoceanmodel.For computationalefficiency (vectorization)
reasons,datafieldsstoredin computermemoryareindexedasU(ix,iz,iy), whereix,iy,iz referto lon-
gitude,latitude,anddepth,respectively. The latitudedimensionis in outerloop for theconvenience
of vectorizationandparallelization.Ontheotherhand,the3D fieldsoutputfiles requirethearraysto
be indexed asU(ix,iy,iz), becausemostdataanalysistoolsdealwith this index order. Furthermore,
theout-of-coreramdiskfile for implementingmemorywindow hasanotherindexing schemeconve-
nient for slicing throughdata,but differsfrom theabove two indexing orders.Thesethreedifferent
storageorderscausesomecomplexity in dataoutputandalsoslow down thedatatransferratesvery
significantly.

A further complicationis that MOM3 usesnetCDFfile system[9] for its dataI/O. NetCDFis
self-describing,portable,andflexible file system.It canreador write a local block from/to thefile
in a singlecall eventhoughthedataarenot contiguousin file space.Its mainproblemis efficiency,
andthereis alsolackof someimportantfunctionalityin parallelenvironment.MOM3 usesanetCDF
wrapperwhich is designedfor singleprocessoraccess.

4 Sequential I/O with netCDF

We startwith a critical examinationof thesnapshotroutinewhich writesout main3D fieldssuchas
flow velocities,tracers,and2D fieldssuchassurfacemomentumandtemperatures.In the existing
codes,for eachof the3D field, thedatais writtenoutonelatitudesliceata time,as

for iy=1, Ny
write entire 2D slice U(ix,iz,iy) with fixed latitude iy

end do

Thenecessaryindex changeto conformto theU(ix,iy,iz) index orderis doneinsidethenetCDFfile
system.Becauseeachlatitudesliceis notcontiguousin file space(seeshadedareain Figure1), each
netCDFwrite is in fact brokeninto Nz smallerwrites. In fact,entireNx � Ny � Nz wordsaresplit
into Ny � Nz writes,eachof lengthNx words.Thusthismodeof I/O is quiteinefficient.
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The new I/O schemeproceedsasthe following: (1) reshuffles the datain computermemoryto
thecorrectindexing order;(2) writesall latitudesin oneshot.This new schemeeliminatesthelarge
overheadassociatedwith repeateddisk accessandreducestheI/O time dramatically. For the ��
�����

resolutioncase,thewriting time is reducedfrom 54secondsto 1.1seconds,a factorof 50speedup!

Thisnew sequentialI/O schemeindicatestheoverwhelmingadvantageto re-orderthedataoutside
theI/O systemcalls. Its implicationfor theparallelI/O is thatweshouldreshuffle thedatain memory,
usingcommunicationnetworkwhichhascommunicationbandwidthtypically 10timesfasterthanI/O
bandwidth.To do this, the entiredatafields mustresidein memory. That is, an in-corecomputing
modeis necessary.

5 In-Core Computing mode

Thepurposeof addingan“in-core” modeis two-folds:(a)to achieveasingleuniformmemoryimage
sothatI/O canproceedmuchmoreefficiently asdiscussedbefore;(b) to increasethecomputational
speedby eliminatingredundantdatacopyingbetweenmemorywindow andramdisk(theout-of-core
mode). Use of ramdisksimplifies the inter-processorcommunicationon which the initial GFDL
implementationis basedupon.

We developanoptionin MOM3 to let entiredatasets“in-core”, i.e.,essentiallyeliminatesmem-
ory window entirely(in practicalimplementation,this is accomplishedby openingthememorywin-
dow to themaximumrequiredandeliminatingtheramdiskfile). Now communicationof halolatitude
slicesisdonedirectlybetweenappropriatedynamicvariablearraysonneighboringprocessors,instead
of betweenramdiskarrays.

This in-corecomputingmodespeedsup the barocliniccomputationby about40%, due to the
eliminationof redundantdatacopies.Thecommunicationtimeis alsoreducedasaresultof improved
memoryaccess(thesizeof communicateddataremainunchanged).It alsomakesotherI/O simpler
andfasterbecausenow onehastheentiredataarrayconvenientlyavailableasthey areupdated,instead
of storingin theramdiskin a storageformatdictatedby thedataslicingconsiderations.

5.1 Optimizations

Severaloptimizationsareperformed.Oneof themis thegetunit()/relunit() which arecalledin every
time step: opena file, write a few diagnosticnumbersand closethe file. In sequentialcomput-
ing case,theserepeated“open/close”file operationsdo not causea large overhead. However, in
parallel environment,as numericalcalculationpartsarespeededup by a large factor ( � 50 on 64
processors),theserepeatedfile open/closetogetherremainsconstanttime andbecomesa significant
overhead.For the ��
�����
 resolutioncase,on16processorsor more,it exceedsall otherusefulcalcu-
lation/communicationcombinedtogether. We correctedthis significantoverheadby insertinga new
“file-open-interval” to keepthefile openfor many timesteps;closeandreopenthefile at thespecified
interval. Thiseliminatestheoverheadandspeedsup thispartby a factorof 55!
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5.2
�

Scaling Analysis

Herewe usea realisticmodelproblemcovers ���
������� E, ��������� S - 0N, with � ��!����"� ��!�� resolution
at theequatorusingisotropicgrid. Themodelhasa grid sizeof �$#�#%�%#�!��&� 	 � , usingfreesurface
formulationwith anexplicit solver. Timing for onesimulatedday(dtts= dtuv = 1800sec,dtsf = 25
sec)is shown in Figure2. Thein-coreversionof MOM3 runsabout20%fasterthantheout-of-core
version(initial GFDL implementation).It alsoscalesbetter(seeFigure3),becauseof theelimination
of memorywindow andrelateddatatransfers. Herewe seesomespeeduppointsabove the ideal
curve; this is dueto theassumptionof thein-coreversionwith 16processorshasaperfectspeedupof
16(theproblemsizedoesnotfit in lessprocessors).
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Figure2: Total CPUtime on differentnumberof processorsfor � ��! 
 resolutioncasewith size �$#�#��
#�!���� 	 � , with in-coreandout-of-coremodes.Thein-coremodeincludestheoptimizationsdescribed
in thetext.

Baroclinicequationparts, 3D fields,generallyscaleup betterthanthebarotropicequationsolv-
ing (2D fields) asshown in Figure4. The problemwith barotropicscalingis dueto the small size
messagesrequiredin eachiteration.In this �$#�#'��#�!��'� 	 � testcase,thefreesurfaceequationsolver
timestepsizeis 72timessmallerthanthedynamicsin baroclinicpart,i.e.,freesurfaceexplicit solver
is iterated72 timesperdynamictimestep.In a largerscale,fineresolutionsimulations,this timestep
size ratio could increaseto more than100, the barotropicpart will dominatethe CPU time. The
less-than-goodscalingof barotropicpartwill potentiallycauseseverescalingproblemin largerscale
simulations.

Thetimesspentoncommunicatingdataamongprocessorsareshown in Figure5. Communication
timessaturateasnumberof processorsincrease,asexpectedfor a 1D domaindecomposition.The
in-coreversionspendslesstime in communicationbecauseit avoidssomeof thememorycopying.
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Figure3: Speedupof total CPUtime on differentnumberof processorsfor � ��! 
 resolutioncasewith
size �$#�#��(#�!��'� 	 � , with in-coreandout-of-coremodes.

6 Parallel I/O

Our strategy for parallelI/O on MPPsfocuseson efficiency andportability, at theexpenseof extra
softwarestructures.Thisstrategy usesa few designatedI/O processors.Thesedesignatedprocessors
reserve buffer area,gatherdatafrom othercomputingprocessors,reorganizethemif necessary, and
thenwrite themout ascontiguousblocks in parallel. With this approach,datafiles arewritten as
if they areprocessedin sequentialenvironment,irrespectof how many processorswill accessthem.
Thisstand-alonefile approachhasseveralmajorbenefits:

) It allows the outputdatafiles to bedirectly analyzedandvisualizedin any otherworkstation
environments,withoutextrafile conversions.

) It makesrestartdesignsimple, sincethe file configurationis independentof the numberof
processors.

) This in turn makesit adaptableto a changingenvironment. For example,a modelsimulation
mayproceedfor sometime on 256processors.Then,aftera checkpoint,it canrestarton 128
processors.

) It is portableto any otherplatform,sincethis approachusesonly standardfile interface,with
theonly requirementthatmultipleprocessorscanwrite contiguousblocksinto thesamefile in
parallel.
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Figure4: Speedupfor 2D and3D fieldsusingin-coremodefor � �*! 
 resolutioncasewith size �$#�#��
#�!��+� 	 � . 3D fields are prognosticvariablessuchas velocitiesand tracers,mostly in baroclinic
equations;2D fieldsarethoseusedin solvingbarotropicequations.Thesolid line indicatestheideal
speedup,i.e.,100%scaling.

In thisapproach,wefirstcarryoutaglobalremappingof the3Ddistributedarrayonthe
�

comput-
ing processorsin the latitudinalslabdecomposition(seeFigure1) to thehorizontal-slabdistribution
onthe � designatedI/O processors(theseI/O processorsarepartof thetotal

�
computingprocessors

in thepresentimplementation;they couldalsobeextra dedicatedprocessorsfor I/O purposealone,
to overlapdisk I/O with computationwhenextremelyexcessive I/O arerequired).Oncea 3D field
is remappedto thedesignatedI/O processors,they canbewritten out ascontiguousblocksin a 1D
array, whichcouldbedoneveryefficiently in mostfile systemson mostarchitectures.

Thedisadvantagesof thisapproachare:

) Dataconfigurationmustfit to the residencememorieson these� designatedI/O processors.
However, this limitation is unlikely to applyto theoceanmodelingusedin decadalandcentury-
long simulations. In actualimplementations,we only needallocatethe memorybuffer for a
single3D array(which is about5%of thetotal requiredmemory),anddo I/O for one3D array
at a time, reusethe buffer for all 3D prognosticarrays. Furthermore,we can increase� to
reducebuffer sizeoneachdesignedI/O processors.

) Remapping3D arraysrequireadditionalCPUtime anddemandinginter-processorcommuni-
cationnetwork.Fortunately, in mostMPParchitectures,communicationbandwidthis typically
10 timeshigherthanI/O bandwidth,andanefficient remappingalgorithmhasbeendeveloped
andimplemented.So the remappingtime is negligible (about10%) comparedto actualdisk
accesstime.
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Figure 5: Communicationtime for 3D fields for in-core modeand out-of-coremodein the �,�*! 

resolutioncase.

Usingthein-corecomputingmode,thedataresidein thememoryin thelatitudinal-slabdecompo-
sition (seeFigure1), aremostconvenientlyavailablefor remappingontodesignatedI/O processors.
TheI/O modulethenrepeatsthefollowing for eachprognosticvariables,oneatatime: (a) remapping
the3D arrayto the I/O processors,and(b) writing themout from I/O processorsusingnetCDFfile
system.We discussthesetwo stepsin somedetailnext andgive I/O performanceresults.

6.1 3D Array Remapping

A stand-alonemodulefor remappingmulti-dimensionalarray on distributed-memorycomputeris
developed[10] for usein theI/O part. It remapsany 3D arrayin thelatitudinal-slabdecompositionto
thehorizontalslabdistributionon the � designatedI/O processors,to preparefor writing to diskfile.
Themoduleusesa novel vacancy trackingapproachto do in-placelocal datareshuffle to thecorrect
indexing order, thereforeeliminatingtheneedfor auxiliary arraywhich musthave thesamesizeof
theoriginaldataset. It combinesthis with a globalblock exchangealgorithm,leadingto anin-place
global3D arrayremappingmodule.Thisgenericarrayremappingsoftwarecanalsobeusedin other
grids-basedclimatemodelsfor polarfiltering, spectraltransforms,andI/O subsystems.
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6.2
-

Parallel netCDF

Whena 3D arrayis in thehorizontal-slabdistribution, we write it out to disk file usingnetCDFfile
systemin parallel,i.e., all the � designatedI/O processorswrite thedistributed3D arrayto a single
file asa 1D distributedarraywith contiguousblocks,eachblockoneachprocessor.

A numberof importantissuesof netCDFin parallelT3Eenvironment,includingunlimiteddimen-
sion,useof $NETCDFFFIOSPECfor I/O control,andopeninga globalfile by subsetof processors
wereresolvedby NERSCstaff [11]. TheparallelnetCDFusestheCrayFFIO system”global” layer,
a simplecollective I/O mode.

Whenproperlysetup,all majorfunctionalitiesof netCDFin sequentialenvironmentalsowork in
parallelenvironment.Dif ferentprocessorscanwrite to differentpartsin thesamefile simultaneously,
evenwith datablock ondifferentprocessorswhereeachblock goesto discontiguouslocationsin file
space,suchasthelatitudinalsliceshown in Figure1. Thedatatransferratein this caseis very low,
about50-100timesslower thanthe casewheredatablocksarecontiguousin file space,similar to
thatin thesequentialenvironmentwe discussedearlier. This is oneof themainreasonswe decideto
remappthe3D arraybeforewriting themout to disk.

Currently, MOM3 usesa netCDFwrapperthatinterfacesbetweennetCDFandapplicationcodes.
Thewrapperprovidesmany usefulfunctions,but doesnot allow multiple processorsto outputfile.
This forcesdataon multiple processorsto begatheredontoa singleprocessorandwriting out from
there. This approachhasmemorylimitationsandlow I/O efficiency. After many experimentswith
thewrapper, we decideto bypassit in thisstudy.

6.3 Snapshot I/O

Snapshotis the critical I/O part in MOM3. It writes out major dynamic2D and 3D fields. We
implementthispartfollowing theremap-writestrategy discussedabove.

Two modelresolutionsareinvestigated.Oneis � ��#�! 
 resolutionwith problemsizes. 	�	 #/�0! . 	 � 	 �
andthesnapshotoutputfile size969MB. Anotheris �,�*! 
 resolutionwith problemsize �$#�#��1#�!���� 	 �
andsnapshotfile size243MB. In productioncomputing,theseoutputsarewrittenoutevery1-4wall
clockhours,dependingon thetimestepandnecessaryobservationfrequency.

TheresultsonT3Efor snapshotI/O areshown in Figure6. Thecomputingprocessorsrangefrom
4 to 512,andoutof them, � �
	

processorsarechosento bethedesignatedI/O processors.� �2	
is

chosensinceit is theminimumnumberof designatedprocessorrequiredfor themodelsizesexamined
in thisstudy. Smaller � would requirebuffer sizethatexceedstheavailablememory(thedesignated
I/O processorsalsohold all datarequiredby a normalcomputingprocessor, in additionto thebuffer
for I/O purpose).

Thetotal time hereincludesthefile “open”, file “close” time, remappingtime andwriting time,
sincethis representsmorerealistictiming in productionenvironment. From Figure5, the total I/O
timeremainsconstantwith respectto totalprocessors,for bothresolutions,indicatinggoodscalingof
theI/O strategy. For the � �*#�!�
 resolutionwith size . 	�	 #3�'!,. 	 � 	 � case,theremappingtimereduces
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Figure6: SnapshotI/O timing resultsfor two modelsizes,� �*#�! 
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remappingtimes.

from 8.4secon 32 processorsto 6.4secon 512processors,showing goodscalingof theremapping
algorithm. The puredisk accesstime shouldremainconstant,becausethey arealwaysdonefrom
thefour I/O processors,independentof total computingprocessors.Thusthetotal I/O time remains
about64seconds.For the � ��! 
 resolutioncase,snapshotI/O showsverysimilarcharacteristics.These
testrunsindicatethat the remap-writestrategy is a goodscalableI/O approachandit meetsthe I/O
requirementfor thesizeof modelproblemsexpectedin thecomingyears.

6.4 MPI-IO

Recently, an implementationof MPI-IO becomesavailableon T3E. BecauseMPI-IO doesnot sup-
port netCDFformat,we cannotuseit directly. Instead,we experimentedwith MPI-IO on the T3E
withoutnetCDF. WefoundthatMPI-IO performsreasonablefor simplecollectiveI/O operationssuch
aswriting contiguousblockstypical of 1D arrays;however, for the remappingtaskrequiredin the
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oceanmodel snapshotI/O, MPI-IO performsabout10 timesslower thanour 3D remap-and-write
implementation.

7 Concluding Remarks

In this report,wesystematicallyexaminetheI/O problemin largescalefineresolutionoceansimula-
tion with MOM3. We first identify thedifferencein dataindexing orderin memoryandin file space,
andfind thereshuffle-and-writeincreasetheI/O speedby a factorof 50. We thendevelopanin-core
computingoption so that dataareconvenientlyavailablefor remappingto the final horizontal-slab
distribution for writing out. The in-coremodealsospeedsup the entiresimulationby about40%
becauseit avoidsthedatacopyingbetweenmemorywindow andramdisk.After many experiments,
wedevelopandimplementaremap-and-writeI/O strategy thatresolvestheindexing orderdifference
andovercomesmemorylimitations.Thetestrunswith two largerealisticproblemsizesshow thetotal
I/O timeremainsconstantfrom 8 processorsup to 512processors,a verygoodscalingproperty. The
I/O approachis alsoportableto many differentfile systemsandarchitecturesbecauseit only requires
a file systemableto write 1D arraycollectively to a singlefile in parallel.

Although this I/O work is designedfor MOM3 model,muchof the lessonslearnedandstrate-
giesdevelopedcould easilybe appliedto otheroceanmodels,suchasthe Parallel OceanProgram
(POP)[6], Miami IsopycnicOceanModel (MICOM)[7], andothergrids-basedclimatemodels.The
remappingmoduleandI/O moduleareavailableto public uponrequest(MOM3 codesareavailable
to public at GFDL website). Themodulescouldbeeasilymodifiedto accommodating2D domain
decomposition,from thecurrent1D decompositionin MOM3. For thispurpose,thecodesarewritten
(in Fortran90)asa stand-alonelibrary-like modulewith modularprogrammingtechniques.
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